Human microbiota associated rats are frequently used as a model to study host microbe interactions. This study investigated the long-term stability of the bacterial community in such rats. Following the association of two strains of germ-free rats (12 male animals each) with fecal bacteria from a human donor the development of the microbiota was monitored for 12 months by PCRdenaturing gradient gel electrophoresis. During this time the Dice similarity coefficient (Cs) for the fecal microbial community of the rats associated with a human microbiota in comparison to the donor sample ranged between 73% ± 8 and 74% ± 3 for the Wistar and the Fischer 344 rats, respectively. After 12 months the similarity coefficients were 78% ± 9 and 76% ± 7, respectively, while the similarity coefficients for rat sample replicates ranged from 77% ± 7 to 88% ± 5; the similarity coefficient of the donor sample replicates was 78% ± 9. DNA sequences of bands observed in the different denaturing gradient gel electrophoresis profiles exhibited the highest degree of identity to uncultured bacteria previously found in samples of human, mouse or pig intestinal origin. The results of this study suggest that the dominant human fecal microbiota can be maintained in the human microbiota associated rat model for at least one year.
Introduction
The microbial community resident in the human colon represents a complex ecosystem, which influences host physiology in many ways. For ethical reasons, host-microbe interactions are difficult to study in humans and investigations have therefore been limited to the analysis of fecal samples. A number of model systems have been used to study various aspects of such interactions. In vitro systems are useful to study bacterial interactions but they ignore host inputs such as gut secretions or immunology (Rumney and Rowland, 1992) . Conventional animals are convenient models for investigating the ecology and the microbial metabolism in the gut. However, use of such animals can be questioned because of differences in the composition of the microbiota (Hazenberg et al., 1981) and microbial enzymatic activities (Rowland et al., 1986) . In order to evade the problems associated with the use of conventional animals and to retain the advantages of control of diet, environment, genetic background and the composition of the microbiota to be investigated, germfree animals associated with human gut microbiota have been used (Djouzi et al., 1997; Hambly et al., 1997b; Kamlage et al., 1999; Kassie et al., 2001 ). However, the For Correspondence: alpert@dife.de development and the stability of the intestinal microbiota in such animals have not yet fully been examined. So far, most studies that compared the fecal microbiota of conventional and human microbiota associated (HMA) rodents used conventional microbiological methods to enumerate dominant bacterial groups (Hirayama et al., 1991; Hirayama et al., 1995; Raibaud et al., 1980) . In view of the fact that a considerable proportion of intestinal bacteria elude cultivation (Suau et al., 1999) , the use of conventional enumeration techniques is insufficient to compare the microbiota of HMA animals and man. To overcome these limitations, some researchers concentrated on the characterization of the metabolic activities of the microbiota (Kassie et al., 2001; Mallett et al., 1987) . Others used methods such as dotblot quantification of total RNA extracts with group specific probes (Edwards et al., 2003) , whole-cell hybridization with fluorescently labeled 16S rRNAtargeted oligonucleotide probes (Gerard et al., 2004) or terminal restriction fragment length polymorphism (T-RFLP) analysis of 16S rRNA gene sequences (Kibe et al., 2005) , which permit the culture-independent identification of intestinal bacteria (Vaughan et al., 2000) . However, while previous investigations took into account only short examination periods of no more than a few weeks or months, some animal studies related to tumor development were performed for up to half a year (Hambly et al., 1997a; Hambly et al., 1997b) , and future models may require even longer trial periods. It is therefore important to ascertain that the composition of a human microbial population can be maintained in the animals for such a long time.
In the present study we investigated the establishment and stability of the microbial community over a 12-month period following the association of two different germ-free rat strains with a complex human fecal microbiota using PCR-denaturing gradient gel electrophoresis (PCR-DGGE). This culture-independent technique allows to follow the development of targeted phylogenetic groups (Satokari et al., 2001) or bacterial populations in complex ecosystems (Muyzer, 1999) without the need to have detailed knowledge about each member of the community. There are some technical shortcomings inherent to this technique such as comigration of different sequences in samples from complex polymicrobial communities (Gafan and Spratt, 2005) , PCR bias due to template annealing behavioralthough this effect is probably less severe in highly complex samples like the fecal microbiota (Suzuki and Giovannoni, 1996) -or detection of different rRNA operons of the same organisms (Nubel et al., 1996) , which may influence the banding pattern. However, the obtained community fingerprints for a particular microbiota are reproducible and have been successfully applied to monitoring for example the composition of the predominant bacterial populations in human fecal samples (Zoetendal et al., 1998) . Our results indicate that the community structure of the dominant bacterial population groups following their establishment in previously germ-free rats is stable for at least one year and reflects the composition of the donor microbiota at the time of inoculation.
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Following the association of 12 Wistar and 12 Fischer 344 rats with human fecal microbiota we monitored the development and the stability of the fecal microbiota for periods of three and 12 months, respectively. At the end of the experimental periods the animals were killed and the contents of the cecum were removed. The fecal microbiota composition of the human donor and the rat samples was subsequently analyzed by comparing the corresponding PCR-DGGE profiles. R6; D78 The reproducibility of the PCR-DGGE method was determined by repeated analyses. The Cs values ranged from 77% ± 7 to 88% ± 5 for HMA rat samples and reached 78% ± 9 for repetitions of the human donor sample. To compare the fecal microbiota of the donor with that of conventionalized (CV) rats, fecal samples from six CV rats were also analyzed by PCR-DGGE. The resulting Cs ranged from 21 to 42% (mean 25%, p 0.05), which confirmed the expected difference between the human and rat microbiota.
The development of the fecal microbiota following the association of germ-free rats with fecal microbiota from a human individual was investigated in detail over a period of three months. One day after the association, in four out of six Wistar rats, most bands in the human DGGE profile were also present in the rat DGGE profiles. The Cs varied between 34 and 86%. Two days later, the Cs ranged from 68 to 82%. In the following three months, no major changes could be observed (Fig. 1A) . Similarly in Fischer rats, between 67 and 79% of the bands in DGGE profiles of the rat samples were also found in the DGGE profiles of the human donor sample (Figure 2 ). This pattern remained relatively stable over three months. This is also reflected by rather small changes in the Cs during this time (Fig. 1 ). Only at a few sampling times did the Cs of each of the two HMA rat strains differ significantly from the mean Cs resulting from the repeated analysis of the human sample ( Figures 1A and  1 ). Further samples were taken monthly during the 12-month experimental period from six additional animals per rat strain (Fig. 3) . Starting with day 2 after the association, the Cs values comparing the human and HMA rat microbiota were 73% ± 8 and 74% ± 3 for the Wistar and the Fischer rats, respectively. During the following 12 months no changes in the Cs were observed in either rat strain. After 12 months the Cs values which compared the human with the Wistar and the Fischer rat samples, were 78% ± 9 and 76% ± 7, respectively. No significant differences were observed at any time point of the sampling period (Fig. 3) . Although some of the bands differed in their intensity, the DGGE profiles of the human fecal sample on the one hand, and of the HMA rat fecal samples on the other, displayed a high qualitative similarity (Fig. 4) . 
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Figure 4: PCR-DGGE profiles representing the predominant community of human feces (H) and of feces from one HMA Wistar rat collected between day 2 (D2) and 12 months (M12) after association.
The bacterial community in the rat cecum has a high cell density and is therefore high in microbial enzyme activity. For this reason, the microbial composition of HMA rat cecal microbiota is of special interest in respect to the use of these rats as in vivo models. Therefore, DGGE profiles of the cecal microbiota of HMA rats were compared with fecal microbiota of the human donor. The Cs values varied from 62 to 80%, which is in the same range as the Cs values determined for the comparison of the fecal microbiota of HMA rats and the human donor. A significant difference between the human fecal microbiota and the cecal HMA rat microbiota was only observed in Wistar rats three months after the association (Fig. 5) . On several occasions the DGGE profiles of the HMA rats contained bands that were absent from the DGGE pattern of the human donor sample. To get more information on the identity of the organisms underlying these bands, they were excised from the gels, reamplified, and sequenced. ands in close proximity to other bands in the DGGE gel could not be included in the analysis because they could not be excised as separate bands. Some very fine bands could not be amplified owing to too low amounts of DNA. The identified as chimeras and 13 other bands contained more than one type of sequence and could therefore not be analyzed. The remaining 13 sequences showed similarities of 89 to 96% to the amplified part of the V6 to V8 region (390 bp) of 16S rRNA clones of uncultured bacteria (Table 1) , 11 of which were found in human gut or fecal samples, one originated from the pig intestine and one from the mouse intestine. The closest related culturable species belong to the and respectively (Table 1) .
sequences derived from five of 31 bands analyzed were iscussion the present study we used samples from germ-free of the HMA fferences in the DGGE patterns like the loss of a band H  M12  M1  M2  M3  M4  M5  M6  M7  M8  M9  M10  M11  D2  H  M12  M1  M2  M3  M4  M5  M6  M7  M8  M9  M10  M11  D2 In male Wistar and Fischer 344 rats associated with human fecal microbiota in order to gain information about the long-term stability of the dominant human gut bacteria in this animal model. The Cs values of the PCR-DGGE patterns of the human donor and the HMA rat fecal microbiota varied between 66 and 89%, whereas the DGGE patterns of the human and CV rat microbiota with a mean Cs of 25% differed considerably more. These results extend previous studies performed with conventional microbiological techniques (Hazenberg et al., 1981; Hirayama et al., 1991; Raibaud et al., 1980) , which led to the conclusion that predominant cultivable human fecal bacteria can be transferred into rodents with slight modifications of their numbers during a period of five to eight weeks. Our study supports these findings and demonstrates by the use of PCR-DGGE that the transfer of human gut microbiota into germ-free rats causes only minor changes in the dominant microbiota composition during a period of 12 months. In our experiment, the variations in microbial composition showed no trend. Hence, the observed changes are fluctuations in the gut microbiota of individual rats over time. While the data demonstrate that the composition of the dominant bacterial population group in the gut of HMA rats was very similar to that of the human donor sample, the fecal microbiota composition of the CV rats differed, as would be expected, significantly from that of the human sample. This is in accordance with the findings of Rumney et al. (Rumney et al., 1993) .
The PCR-DGGE analysis of the microbiota H R -rat cecum revealed high similarity to the fecal microbiota of the human donor. This finding is in accordance with Mallett et al. (Mallett et al., 1987) , who compared the enzymatic profiles of HMA-rat ceca with those of fresh human feces. sing culture methods and quantitative hybridization with a set of six rRNA-targeted probes, Marteau and colleagues detected quantitative rather than qualitative differences in the composition of cecum content and feces of humans (Marteau et al., 2001) .
Di or the occurrence of new bands may be explained by the association procedure, subject-specific factors involved in the acquisition of the bacterial community (Zoetendal et al., 2001) or differences in nutrition between humans and rats. The same reasons could be responsible for the observed differences in the intensity of some bands, indicating differences in the size of the underlying microbial population groups. To appreciate the meaning of the Cs values, it has to be considered that the microbiota of the HMA rats originated from one human individual. The Cs value for one individual varies between 65 and 89% when samples taken at different times are compared, whereas the Cs values between 20 Alpert et al.
unrelated persons vary from 31 to 61% (Zoetendal et al., 2001 ) and the Cs of the gut microbiota among full-term infants is only 11% (Schwiertz et al., 2003) . The Cs determined by comparing the DGGE profiles of the fecal microbiota of HMA rats with those of the human donor is in the same range as the Cs values determined for one individual at different time points, whereas the Cs which results from comparing the fecal microbiota of CV rats and of the donor is below the Cs values determined for unrelated human individuals (Zoetendal et al., 2001) .
ased on the Cs values, no significant differences were observed between Fischer or Wistar rats on the one hand and the human donor on the other, indicating that both rat strains can be used for establishing an HMA model.
As already mentioned earlier, PCR-DGGE has the adva the analysis of single DGGE bands it became markable beca which DNA could be succ t the predo aterials and Methods 2) and 0 mg (wet weight) of either fresh CG GGG CGC GCC CCG ntage of being a culture-independent method which allows a less biased view of the bacterial community than culture dependent methods. However, the PCR-DGGE approach can also lead to some distortions, as some sequences may amplify better than others, and heteroduplexes may be formed during PCR (Wintzingerode et al., 1997) . Thus, PCR-DGGE experiments do not reflect the full diversity of the bacterial community under study, but the high degree of reproducibility of the obtained community fingerprints supports the assumption implicit to all PCR-DGGE work that the above mentioned effects will be reproducible as well. During obvious that the extraction of sufficient DNA from each band of interest in the DGGE gel could not always be achieved. Very fine bands did not contain enough DNA template to result in PCR products. Other bands contained non-related sequences that co-migrated. Similar observations have been made for complex matrices (ben Omar and Ampe, 2000). In five cases, sequences showed chimerical characteristics.
The occurrence of such chimeras is not re use the probability of chimera formation rises with a high template concentration and increased species diversity ( iu et al., 2001) .
Those bands, from essfully isolated, amplified and the resulting products sequenced, indicated the presence of bacteria related to as yet uncultured organisms detected previously in samples from human, pig or mouse digestive systems. Since the identity of these partial sequences to sequences of described cultivable species in the database was less than 97%, one can assume that some of these sequences originated from as yet undescribed species (Stackebrandt and Goebel, 1994 ). These results demonstrate the limitations of previously performed studies, which, owing to the use of conventional techniques (Hazenberg et al., 1981; Hirayama et al., 1991; Raibaud et al., 1980) , could not detect changes related to non-cultivable species.
In summary, our results indicate tha minant bacterial population groups of the fecal microbiota of a human donor could be established and subsequently maintained in ex germ-free rats for at least one year under isolator conditions. Although variations in band intensities were suggestive of quantitative variations of the bacterial population, the most important fact for the HMA rat model is the observation that no major shift in the qualitative composition occurred. It is therefore possible to study the function of the human gut microbiota in vivo on the basis that the bacterial complement with respect to species representation, and consequently enzymatic potential characteristic of the donor, can be stably transferred to the experimental animals.
M
Germ-free AVN-Ipcv-Wistar Rehbruecke (n 1 germ-free Fischer 344 Rehbruecke rats (n 12) were used for the experiments. They were obtained from the germ-free breeding colony of the department. Twice a month the germ-free status of the animals was monitored by the method described by Kunstyr (Kunstyr, 1992) . The animals were maintained in positive-pressure isolators (Metall Plastik, Radolfzell, Germany) and housed in polycarbonate cages on irradiated wood chips at 22 C -2 a relative air humidity of 55% -5 on a 12 h light-dark cycle. They had free access to irradiated diet (Altromin fortified type 1314; Altromin, Lage, Germany) and autoclaved distilled water. Coprophagy was not prevented. Six-week-old male animals from each strain with a bodyweight of 205 g ± 24 were associated with human fecal microbiota via intragastric application of 1 ml of a 50-fold diluted fecal sample. Human feces was collected from a healthy 30-year-old female volunteer, consuming a normal Western diet who had not taken antibiotics for at least one year prior to the study. The dilution of the fresh fecal sample with 0.9% NaCl was done under anoxic conditions. The germ-free status of the rats was confirmed before association by the method described by Kunstyr (Kunstyr, 1992) . After three and 12 months, six animals of each strain were killed by CO2 asphyxiation. The cecal contents were removed under sterile conditions and kept frozen at -80 C until analysis. For comparison, six germ-free male Fischer 344 Rehbruecke rats were conventionalized by association with the fecal bacteria from a specific pathogen-free (SPF) rat using the same procedure as described above for the human feces. They were maintained under the same conditions as described above, but outside the isolator in separate cages, in the same room as other SPF rats. During the first month of the experimental period, fecal samples from six animals of each rat strain were taken directly from the anus every other day. In the following two months, fecal samples were collected once a week, while the fecal samples from the remaining 12 animals were taken once a month. All samples were stored at -80 C until further processing. The protocol for the animal experiment was approved by the Ministry of Nutrition, Agriculture and Forestry, randenburg, Germany.
For DNA extraction 10 feces or cecal content was used. DNA extraction was performed following the protocol number five of the InViTek DNA isolation Kit III (InViTec, erlin, Germany). The obtained DNA was dissolved in 100 l elution buffer of the DNA isolation kit.
Primers 968-GC-f 5 -CGC C GGC GGG GCG GGG GCA CGG GGG GAA CGC GAA GAA CCT TAC-3 and L1401-r 5 -CGG TGT GTA CAA GAC CC-3 were used to amplify the V6 to V8 regions of the bacterial 16S rRNA gene (Nubel et al., 1996) . Nucleotides comprising the G C-clamp are underlined. PCRs were performed with a polymerase kit from Invitrogen (Karlsruhe, Germany). PCR mixtures of 50 l total volume contained 0.25 mM of each deoxy- Acession number of entry in Gen ank with highest LAST score to the closest related described species f -like bacteria were described as a numerically important group in human feces (Zoetendal et al., 2002) n.a. information not available 22 Alpert et al.
nucleoside triphosphate, 2.5 polymerase, 0.25 M of each primer and 1 l fecal DNA. PCR amplification was performed with a PCR thermo cycler (Hybaid, Heidelberg, Germany) under the following conditions: denaturation at 94 C for 5 min, followed by a touch-down PCR starting with denaturation at 94 C for 30 sec, annealing at 66 C for 20 sec and extension at 68 C for 40 sec. The annealing temperature was reduced by 1 C every fourth step until an annealing temperature of 59 C was reached followed by 14 additional cycles at this temperature. After completion, an extension step was performed at 68 C for 7 min, and the samples were then cooled to 4 C. Touch-down PCR was performed in order to reduce the formation of byproducts and to increase the specificity of the amplification. All PCR products were analyzed by electrophoresis in 1% agarose gels and the amount of PCR products was estimated by comparison with a low DNA mass ladder (Invitrogen, Karlsruhe, Germany) before performing DGGE analysis.
PCR products (approximately 100 ng DNA per lane) were separated by DGGE as described by Muyzer et al. (Muyzer et al., 1993) using the Decode system ( ioRad Laboratories, Hercules, California), with the following modifications: Polyacrylamide gels (dimensions, 200 � 200 � 0.8 mm) consisted of 8% (v v) polyacrylamide (37.5:1 acrylamide-bisacrylamide, Merck, Darmstadt, Germany) and 0.5 � Tris-acetate-EDTA (TAE, pH 8.3) buffer (Sambrook et al., 1989) . A 100% denaturing acrylamide solution contained 7 M urea and 40% formamide. For separation of generated amplicons a gradient of 40 to 55% was used. The gels were poured from top using a gradient former and a pump (Econopump, ioRad Laboratories) at a speed of 9 ml min. efore polymerization of the denaturing gel (20 ml gradient volume) a 7-ml stacking gel without denaturing agents was added, and an appropriate comb was inserted. Electrophoresis was performed at a constant temperature of 60 C for 10 min at 200 V and subsequently for 16 h at 85 V in 1 � TAE buffer pH 8.3. Gels were stained with AgNO3 as described by Sanguinetti et al. (Sanguinetti et al., 1994) with the following modifications: The developing solution contained 1.5% NaOH and 1.8% formaldehyde. The gels were stained for 10 min in 0.8% AgNO3 and washed twice with distilled water for five minutes. After fixation, the gels were placed in a storage solution containing 25% ethanol and 10% glycerol in water for 7 min. The gels were scanned using the white-light function of the Chemi Doc gel imaging system ( ioRad Laboratories) and analyzed using the uantity One software version 4.3.1 ( ioRad Laboratories). The number of bands analyzed on a given gel varied between 30 and 50. Each sample was compared with every other sample, and the Dice similarity coefficient was automatically determined using the similarity matrix function of the uantity one software.
To investigate the reproducibility of the PCR-DGGE method the DNA from three different HMA rat fecal samples and one human donor fecal sample was prepared once and analyzed by six PCR-DGGE runs each, and the mean Cs and the standard deviation (SD) for each sample were calculated.
ands that occurred exclusively in the DGGE profiles of HMA rats were excised from the gel, and the DNA was extracted, amplified and sequenced. One hundred microliter buffer (10 mM Tris HCl, 50 mm KCl, 1.5 mM MgCl2 and 0.1% Triton -100, pH 9) was added to the excised bands (Sanguinetti et al., 1994) . They were frozen in liquid nitrogen, defrosted at 50 C, shaken for 20 min at 95 C and subsequently overnight at 37 C. The DNA obtained from the excised bands was re-amplified with the primer 968f 5 -GAA CGC GAA GAA CCT TAC-3 without the GC-clamp and the primer 1378r 5 -CGG TGT GTA CAA GGC CCG GGA ACG-3 A. Fischer, personal communication using the polymerase kit from Invitrogen. PCR mixtures of 50 l contained 0.25 mM of each deoxynucleoside triphosphate, 2.5 polymerase, 0.25 M of each primer and 5 l of the DNA solution. PCR amplification was performed under the following conditions: denaturation at 94 C for 5 min, followed by 30 cycles of denaturation at 94 C for 45 s, annealing at 60 C for 60 s, and extension at 72 C for 1.5 min. After completion, an additional extension step was performed at 72 C for 3 min and the samples were cooled to 4 C. The PCR fragments were purified using the Roche high pure PCR products purification kit (Roche, L rrach, Germany) and subjected to sequencing using the Amersham ioscience D Enamic ET Dye Terminator Cycle Sequencing Kit for Mega ACE DNA Analysis Systems (Amersham iosciences, Freiburg, Germany) according to the manufacturers instructions. The sequences were automatically analyzed on a capillary sequencer (Mega ace1000, Amersham iosciences) and corrected manually. All sequences were checked for chimeras using Chimera-Check of the Ribosomal Database Project (Maidak et al., 1997) . For identification of the most closely related described species underlying the partial 16S rRNA sequences, a search of the Gen ank DNA database was conducted using the LAST algorithm (Altschul et al., 1990) .
The Cs values comparing rat and the human microbiota are given as the means -SD for each time point of the observation period. Differences between the means of all groups (the two HMA rat strains, conventional rats and the repetition of the human sample) were checked for significance. The significance was determined by means of an ANOVA and is indicated as p 0.05.
Sequences determined in this study were deposited in the Gen ank database under accession numbers A 563142 to A 563154.
